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The injection of spins into nonmagnetic semiconductors has recently attracted great interest due to potential applications in the next generation of spindependent electronic devices. [1] The mainstream of the injection methods includes internal spin aligner and external injector. The former which uses a dilute magnetic semiconductor as the spin aligner is limited by its low Curie temperature (T C ), while the latter which fabricates a ferromagnetic metal/semiconductor heterostructure has achieved a significant progress. [2, 3] Therefore, the material with higher T C and better compatibility with conventional Si-based semiconductor technology is urgently needed in practical applications. Recently, ferromagnetic Mn 5 Ge 3 films grown on Ge (111) surface have become a hot point due to its high T C (295 K) and complete compatibility with Si materials. [4] In this study, Mn 5 Ge 3 films with different thicknesses from four monolayers (MLs) to 96 MLs Mn are prepared by using our molecular beam epitaxy (MBE) system. Then, the magnetoresistance (M R = (R(H) − R(0))/R(0)) and the Hall voltage of the films were measured at low temperatures.
For the synthesis of the samples, commercial ntype Ge (111) wafers (Sb doped, resistivity of 1 Ωcm at room temperature) were cleaned in situ through repetitious cycles by Ar-ion milling and annealing. [5] The cleaned surface of the substrate was checked by scanning tunnelling microscopy (STM) and low energy electron diffraction (LEED) techniques. The STM images show that the surface of Ge (111) has a perfect c(2 × 8) reconstruction, in agreement with the LEED patterns. Mn 5 Ge 3 alloy films were produced by depositing Mn on the Ge (111) surface with constant flux by K-cell and subsequent annealing for several minutes. This process is known as solid phase epitaxy. [4] Then, the film was checked by STM and LEED. Figure 1 presents a typical STM topographic image of the sample with 3 MLs Mn on the Ge (111) surface after annealing. From this image, it can be seen that the relatively smooth film has formed. The LEED patterns of our samples show clear (
• spots indicating the formation of the Mn 5 Ge 3 phase. [6] We compared samples with different thickness of Mn layers from 3 MLs to 192 MLs, and found that the morphology and the surface structure are quite similar. [5] The T C of these films are all about 300 K, which is comparable with the report in Ref. [4] . and Ge surface ( √ 3a hex Ge (111) = 0.6919 nm).
[4] The Mn 5 Ge 3 film with height 0.33 nm can be formed when 1 ML Mn was deposited on Ge (111) surface. The lattice mismatch between the thin films and Ge surfaces can result in defects at the interface and the film. Since electrons show wave-like behaviour, they can interfere by themselves after multiple scattering. The defects cause scatterings of an electron without loosing its phase coherence and result in the interference of the electron wave. The interferences shift the conductance from the classical value, which is called the Anderson weak localization effect. One of the interesting possibilities for an interferences experiment is to shift the relative phase of the two interfering waves. For charged particles, this can be easily carried out by an external magnetic field. [7] Therefore, MR is a powerful tool to probe the defects, which can used to determine the characteristic electronic scattering rates associated with the inelastic spin-orbit and magnetic interaction process. Figure 2 shows the MR of the thin films with different thicknesses as a function of magnetic field in the temperature range from 200 K to 2 K. It can be seen from Fig. 2(a) We compare the MR of all the samples with different thicknesses at the same temperature. It is found that the value of MR decreases with the increasing thickness. For example, the MR is about 10% for the film with 48 MLs Mn while it decreases rapidly to 1% for the film with 96 MLs Mn at the temperature of 2 K. In fact, the MR data presented in this study is the combination of the resistance of the Ge (111) substrate and the Mn 5 Ge 3 film. The resistance of dopedGe wafer increases rapidly with decreasing temperature, and the MR is much larger than that of Mn 5 Ge 3 thin films at low temperatures. With the increasing film thickness, the influence of the substrate is steadily weakened. Therefore, the thinner film shows considerably positive MR behaviour, while the thicker one shows weakly positive MR behaviour. However, for the samples with thicknesses of 72 MLs and 96 MLs, they show that there is a peak from 2 K to 10 K in the presence of a magnetic field. In general, the different behaviours of the samples with different thicknesses just result from the influence of Ge substrates and the Mn 5 Ge 3 films.
The similar MR behaviour was also found in other amorphous semiconductors in the variable range hopping conduction regime. [8−10] The typical magnetic field dependence of MR for these samples is as follows: the MR increases approximately linearly at lower fields, and reaches a peak and then decreases down to negative value at higher fields. The theory of variable range hopping conduction pointed out that there are three types of electronic states in the presence of electron correlation: unoccupied (UO), single-occupied (SO) and doubly-occupied (DO) states. Therefore, there are four different kinds of hopping process: from an SO state to a UO state, from an SO state to another SO state, from a DO state to a UO state, and from a DO state to a SO state. The intrastate and interstate interactions play an important role in the Anderson-localized states. The critical path obtained by the percolation theory is constructed by the combination of the hopping processes. [10, 11] Kamumura et al. [12, 13] have proposed the origin of positive and negative MR. The positive MR comes from the suppression of hopping processes by the magnetic field. The electronic states of SO state become parallel to the applied field. Therefore, the probability of a pair of SO states whose spins are antiparallel becomes smaller with increasing the magnetic field. However, the hopping processes from an SO to another SO state happens when the spins are antiparallel, which will be suppressed by magnetic field as far as spin flip processes are neglected. For the relation of detailed balance, the DO to UO state is connected with the hopping processes from SO to SO state. Therefore, the process from DO to UO state is also suppressed. The suppression of hopping processes by the magnetic field will give rise to the positive MR. When the two types of hopping processes (SO to SO state and DO to UO state) are suppressed completely, only two hopping processes (SO to UO states and DO to SO) state will still work. Thus, the MR is saturated with the magnetic field when the magnetic field is lager than a certain value.
The negative MR comes from the extended envelope function of the magnetic moments which parallel to the magnetic field, while the function for the moments with the opposite direction shrinks due to the Zeeman splitting of a one-electron state for up and down spins. The electrons with the parallel moments are the majority carriers so that the thicker films show the negative MR at higher magnetic field. Since both the positive and negative MR effects coexist, the result shows a peak and then decreases with the increasing of the magnetic field. Figures 3(a) and 3(b) show the Hall voltage versus applied magnetic field at the temperatures of 5 K and 10 K. It is obvious that the Mn 5 Ge 3 films are P-type semiconductors and show clearly anomalous Hall effect. The film shows p-type semiconducting behaviour as reported, which may result from the diffusion of Mn ion into the Ge substrate. The Hall Voltage reaches the maximum value at 6-8 kOe, which is comparable with the value reported by Zeng et al. [14] The carrier density calculated at 5 K and 10 K is in the range from 10 24 m −3 to 10 26 m −3 , which indicates that the Mn 5 Ge 3 films are semiconductor. In summary, the MR and the Hall effect of the ultrathin Mn 5 Ge 3 films with different thicknesses have been presented at low temperature. The MR of thicker films appears a peak at about 6 kOe, which can be interpreted by the Anderson weak localization effect and variable range hopping theory. The carrier density of the as-grown samples is in the range from 10 24 m −3 to 10 26 m −3 , which shows that the Mn 5 Ge 3 films have both magnetic and semiconducting properties. Herein, this kind of magnetic film is a potential candidate for spin injection.
